INTRODUCTION
============

Sepsis continues to be a devastating condition globally encountered for patients admitted in institutionalized settings \[[@B1],[@B2]\]. Despite aggressive management of infections and maintenance of routine conditions like fluid and electrolyte balance and nutritional support \[[@B3]\], patients continue to succumb to sepsis \[[@B4]-[@B8]\]. One of the hallmarks of this continuum of clinical degradation is the inability to sustain the circulatory pressure and increased demands for inotropic support \[[@B3],[@B9]\]. After a stage, even inotropic support with increasing doses fail, leading to progressive cardiovascular collapse \[[@B5],[@B10]-[@B14]\].

One of the major mechanisms that operate in the peripheral vascular system to sustain circulation is by maintenance of vascular tone \[[@B15]-[@B17]\]. This is performed by a biochemical mechanism of modulating contraction state of myosin and its components, which is thereby transduced to a mechanical state of contraction of the smooth muscles in the wall of the blood vessel \[[@B18]-[@B21]\].

In the present study, we hypothesized that failure of maintenance of the vascular tone may be central to failure of the peripheral circulation and spiralling down of blood pressure in sepsis. Namely, we examined the balance between expression of myosin light chain (MLC) phosphatase and kinase, enzymes that regulate MLCs dephosphorylation and phosphorylation with a direct effect on pharmacomechanical coupling for smooth muscle relaxation and contraction respectively \[[@B21]\].

PATIENTS AND METHODS
====================

Ethical clarification
---------------------

Permission was obtained from Institutional Review Board (IRB) of Binzhou People Hospital and all experiments were performed strictly in compliance with Helsinki guidelines for ethical experiments with human tissues.

Setting and duration of study
-----------------------------

Tissues were procured from men between the ages of 63 and 78 years old and were used in the present study.

Patient population
------------------

All patients were admitted in the Intensive Care Unit. Some of the patients had received inotropic support but progressive hypotension was the cause of death. All the patients had advanced sepsis, which were pharmacologically uncontrollable and rapidly progressed to septic shock and demise. Systolic pressures for the assigned patients were always less than 90 mmHg to start with. Explicit consent was obtained from the patient\'s family members. All patient admission, triaging and acute care, fluid resuscitation and inotropic support management was performed according to the guidelines outlined in the Surviving Sepsis Campaign \[[@B22]\].

Sample procurement
------------------

All arterial biopsy samples were obtained during the post-mortem examination. Artery samples (*n*=10 for each group examined, all the four different categories of arteries dissected from each subject and dissected bilaterally except for the aorta) were stored in gassed Krebs solution that was kept in an ice beaker. Arterial sample pieces from different zones were used for mechanical recordings. Samples were frozen in liquid nitrogen and rethawed under similar conditions to perform the biochemical assays. Normal subjects were ones with mortality unrelated to any sepsis or infectious conditions (mainly, these subjects had long standing cardiovascular risk factors but none of the patients had any episode of myocardial infarction, stroke, thyroid or any other endocrine diseases or immunologic diseases). Because of the issue of age matching, we included the elderly subjects as controls who might have alterations of vascular parameters in comparison with younger controls. But because of the homogeneity of the group age, we considered this as our control group. In future studies, we may include younger subjects under which circumstances, there may be some changes in the baseline parameters.

Mechanical recordings of responses of arterial mounts to a contracting stimulus
-------------------------------------------------------------------------------

Biopsy samples of arteries were cleaned of adherent fat tissues prior to mounting for mechanical studies. The respective blood vessels in each cohort were harvested and preserved in ice-cold Kreb\'s buffer (sodium chloride 125 mM; potassium chloride 5.9 mM; sodium dihydrogenphosphate 1 mM; sodium bicarbonate 25 mM; magnesium chloride 1.2 mM; calcium chloride 2.5 mM; dextrose 12 mM) for contractility analyses. The arteries were carefully cut into strips and the strips were suspended in an organ bath maintained at 37°C and bubbled with a 95% O~2~/5% CO~2~. Tissues were connected to a force transducer (Grass Instruments), initially stretched to a resting tension of 1.5 g and equilibrated for an hour. Contractile responses to the adrenergic agent phenylephrine was used to measure contractile responses and confirmed with potassium chloride (120 mM). Signals from force transducers were recorded in real time at 30 Hz by a 16-channel analog-to-digital transducer (DataQ, DI-720) and records were transferred to a disk using Windaq data acquisition software. The force changes were computed as force (micro-Newton) normalized by tissue weight and tabulated as mean±S.E.M. Comparisons was made between the different blood vessels between control patients and patients with sepsis.

ELISA to detect expression levels of different proteins that maintain vascular smooth muscle tone
-------------------------------------------------------------------------------------------------

Enzyme linked immunoassay was utilized in the present study to identify specific protein expression in arterial tissue lysates obtained from patients with sepsis and healthy controls. These studies were focused on known markers of key regulators of pharmacomechanical coupling that maintain vascular smooth muscle tone. By phosphorylating myosin light chain kinase (MLCK), MLCs associate with myosin heavy chains (MHCs) and thereafter form strong acto-myosin interactions to phasically increase tone in the vascular bed \[[@B21]\]. This is reversed when a phosphatase, MLC dephosphatase helps in uncoupling of acto-myosin interactions, thus relaxing the vascular wall \[[@B21]\]. Readings were obtained in triplicates on a standard plate-reader and values averaged over the readings to obtain the final results. Ten patient samples and equal number of controls were used in the present study and all studies performed in triplicates. ELISA kits were obtained from Novus, Biomatik and Cusabio.

Statistics
----------

Results of all quantitative estimates were shown as mean±S.E.M. Student\'s *t* test was used to compare differences of means between groups of arterial samples of different physiological functions (peripheral conductive artery, resistance vessels and vessel with auto-regulatory function). Unpaired *t* test was performed as there was heterogeneity in the age groups included. The datasets were tested for Gaussian distribution prior to analyses.

RESULTS
=======

Decrease in agonist-evoked contractions of different arterial strips in samples from patients with sepsis
---------------------------------------------------------------------------------------------------------

Renal artery and aorta were examined for major arteries related to resistance development in the vasculature. Carotid artery was tested, as it has its self-auto-regulatory mechanism. Arteria dorsalis pedis was tested as a model for a peripheral artery. In contrast with control subjects, arterial samples obtained from patients with sepsis showed persistent inability to rise to maximal contraction levels with an adrenergic agonist or depolarization by potassium chloride. Cumulative comparative data reflecting this trend in different arterial beds is demonstrated in [Figure 1](#F1){ref-type="fig"}. The means were significantly different between groups (*P*\<0.01, *t* test), when different sets of vessels were compared between normal samples and those obtained from patients with advanced sepsis.

![Histograms showing inability of vascular smooth muscles of different arteries to attain agonist-evoked maximal contraction\
The arteries were obtained from patients with sepsis (*n*=10 subjects) and age-matched controls (*n*=10 subjects) from mortality of non-septic conditions. Cumulative datasets are shown. Means were significantly different when compared between groups. \*, significantly decrease.](bsr036e305fig1){#F1}

Increase in MLC phosphatase protein expression in arterial lysates of sepsis patients
-------------------------------------------------------------------------------------

ELISA demonstrated that in all arterial samples examined (resistance vessels, central vessel, peripheral artery), there was persistent severalfolds increase in expression of MLC phosphatase (*P*\<0.01, between individual arterial samples, Student\'s *t* test, each individual group examined respectively) ([Figure 2](#F2){ref-type="fig"}).

![Histograms showing significant increase in expression of MLC phosphatase in vascular smooth muscle lysates obtained from patients with sepsis (*n*=10 in each set of arteries)\
\*, Significantly increased. The representative arteries examined include resistance, conductance and vessels with auto-regulatory functions respectively.](bsr036e305fig2){#F2}

Decrease in MLC kinase protein expression in arterial lysates of sepsis patients
--------------------------------------------------------------------------------

Enzyme linked assay demonstrated that in all arterial samples examined (resistance vessels, central vessel, peripheral artery), there was persistent decrease in expression of MLCK (*P*\<0.01, between individual arterial samples, Student\'s *t* test, each individual group examined respectively) ([Figure 3](#F3){ref-type="fig"}).

![Histograms showing significant decrease in expression of MLCK in vascular smooth muscle lysates obtained from patients with sepsis (*n*=10 in each set of arteries)\
\*, Significantly decreased. The representative arteries examined include resistance, conductance and vessels with auto-regulatory functions respectively.](bsr036e305fig3){#F3}

Myosin heavy and light chain expression unchanged in arterial lysates of sepsis patients
----------------------------------------------------------------------------------------

Protein expressions for smooth muscle specific myosin heavy and light chains were examined, as their changes potentially can affect vascular tone. In all vessels examined, these basal motor molecules that is the major contributor to vascular contractile potential remained unchanged and were nearly similar in expression between control subjects and sepsis patients ([Figures 4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}).

![Histograms showing unaltered levels of expression of MHC in vascular smooth muscle lysates obtained from patients with sepsis and control subjects (*n*=10 in each set of arteries)\
The means were not significantly different between the individual groups of vessels examined.](bsr036e305fig4){#F4}

![Histograms showing unaltered levels of expression of MLC in vascular smooth muscle lysates obtained from patients with sepsis and control subjects (*n*=10 in each set of arteries)\
The means were not significantly different between the individual groups of vessels examined.](bsr036e305fig5){#F5}

DISCUSSION
==========

The results of the present study provide the preliminary evidence that genomic alteration of expression of key regulatory proteins in vascular smooth muscles may be responsible for the relentless downhill course in sepsis. Namely, down-regulation of MLCK, the major enzyme that helps in force generation by aiding association of light chains with the main MHC molecule and facilitates acto-myosin formation \[[@B21]-[@B24]\], is a key event that prevents resistance arteries to maintain tone and circulatory blood pressure. Phosphorylation of Ser^19^ on the 20-kDa regulatory light chain (RLC) of myosin II (MLC20) facilitated by Ca^2+^/calmodulin-dependent MLCK is the first and most important step for smooth muscle contraction. These are reversed by activity of the MLC phosphatase.

Associated with these observations were also the fact observed in the present study that MLC phosphatase expression is increased in the different vascular smooth muscles of the arterial biopsies examined. This enzyme dissociates light chains from MHC and causes sustained decrease in vascular smooth muscle tone. These enzymatic changes likely also explain the observations of the mechanical recordings in the present study regarding the inability of the arteries to develop tone when stimulated by phenylephrine *in vitro*. Maximal depolarization with increasing concentrations of potassium chloride also failed to elicit sustained contraction in the arterial samples obtained from the patients with sepsis (results not shown). This provided indirect hint that alteration in the contractile mechanism, rather than effects on the electrogenic potential was responsible for the lack of generation of tone in the arteries in patients with sepsis.

The results of the present study also provided evidence that the quantities of the myosin heavy and light chains remained unaltered. The present study did not perform a time-based examination due to pragmatic reasons of obtaining the biopsies during the acute illnesses of the patients. The observations are endpoint results. However, they provide reasonable basis of the clinical observations of progressive cardiovascular collapse during the terminal stages of the illness.

Recent studies have shown that up-regulation of inducible nitric oxide synthase (iNOS) during uncontrolled infection, inflammation and sepsis have the ability to alter genomic expression of several genes through alteration of nuclear factor κB (NF-κB) signalling \[[@B15],[@B25]-[@B27]\]. Some of these genes also participate in pharmacomechanical coupling of smooth muscles \[[@B28]-[@B29]\]. The results of our study provide suggestions that these pathways may be linked in progressive pathophysiology of sepsis and that the currently accepted approaches of control of inflammation is rationally beneficial in sepsis, and may facilitate to ameliorate the cardiovascular collapse. However, novel approaches may also be derived to contain relentless sepsis by manipulating expression of MLC regulatory enzyme panels including phosphatases and kinases. These remain the aim of our future studies.
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